The family of the PtM (M represents transition metals such as Co, Ni, Pd, etc.) alloys is the most promising cathode electrocatalysts for proton exchange membrane fuel cells (PEMFCs) owing to their superior oxygen reduction reaction (ORR) activity to pure Pt. However, the activity gain fades with long-term PEMFC operation, and the degradation mechanism is not yet fully understood. To truly understand the degradation mechanism of the carbon supported PtM nanoparticles (PtM/C) in the cathode of a membrane electrode assembly (MEA) upon long-term PEMFC operation, it is essential to characterize the PEMFC-cycled electrode under working conditions. Herein, we showed that operando X-ray absorption spectroscopy (XAS) characterization of PtM/C electrocatalysts cycled in a PEMFC has inherent difficulties since Pt and especially M dissolve during PEMFC operation and migrate into the membrane; the bulk XAS spectrum is an average of the signals from the electrode and the membrane. Alternatively, we developed a method that allows for in situ XAS characterization on PEMFC-cycled PtM/C electrocatalysts. We justified the method by showing that the dissolved species in the membrane were separated from the PtM/C electrocatalyst in the cathode, and the in situ XAS signals arose exclusively from the electrocatalyst. Despite recent progress in the development of non-platinum electrocatalysts for the oxygen reduction reaction (ORR), carbon supported platinum-based nanoparticles (NPs) are still so far the only viable electrocatalysts for practical proton exchange membrane fuel cells (PEMFCs) in automotive vehicles, owing to their high activity and durability under the highly oxidative and corrosive conditions in the cathode of a PEMFC. The ORR activity of platinum can be significantly improved by alloying Pt with a wide range of transition metals (denoted as M) such as Co, Ni, Y, and the activity improvement has been attributed to the strain and/or ligand effects induced by M via optimization of the Pt-O binding energy and surface coordinate configuration.
Despite recent progress in the development of non-platinum electrocatalysts for the oxygen reduction reaction (ORR), carbon supported platinum-based nanoparticles (NPs) are still so far the only viable electrocatalysts for practical proton exchange membrane fuel cells (PEMFCs) in automotive vehicles, owing to their high activity and durability under the highly oxidative and corrosive conditions in the cathode of a PEMFC. The ORR activity of platinum can be significantly improved by alloying Pt with a wide range of transition metals (denoted as M) such as Co, Ni, Y, and the activity improvement has been attributed to the strain and/or ligand effects induced by M via optimization of the Pt-O binding energy and surface coordinate configuration. [1] [2] [3] [4] [5] However, the activity gain induced by M is generally not sustainable owing primarily to the dissolution of M during long-term PEMFC operation, which leads to the attenuation of strain/ligand effects, particle growth, and the loss of the favorable surface coordinate configuration. 6 Huang et al. 7 recently reported that both the activity and durability of the PtNi/C octahedral NPs can be markedly improved by doping with a transition metal such as Mo on the surface. However, neither the degradation mechanism of the PtM/C electrocatalysts during long-term PEMFC operation, nor the corresponding alleviation mechanism, is fully understood, which limits further improvements of the PtM/C electrocatalysts for PEMFCs.
Elucidating the degradation mechanism of the PtM/C electrocatalysts during long-term PEMFC operation is technically challenging as it requires proper electrochemical testing methods and characterization methods, and a combination thereof. A regular way is to potentially cycle the PtM/C electrocatalyst in a rotating disk electrode (RDE) following certain protocols, and measure the structure and composition of the PtM/C NPs at different cycling stages. This method provides insightful information of the structure evolution of the PtM/C NPs with the potential cycling. However, the electrochemical environment between a RDE and a PEMFC is drastically different, and the modes of the evolution of the structure of the PtM/C NPs, the Pt and M dissolution and aggregation established in a RDE are not fully representative of the modes of the PtM/C NPs in a PEMFC. 8 In addition, the structure of the PtM/C NPs acquired by ex situ characterizations may also not be highly relevant to the catalytic activity as it often differs from that under in situ working conditions. In situ spectroscopic and/or microscopic studies of the degradation mechanism of PtM/C electrocatalysts have been implemented by using an * Electrochemical Society Fellow.
z E-mail: q.jia@neu.edu in situ electrochemical half-cell, but it has the same issue of the RDE system aforementioned as the electrochemical environment of a halfcell does not closely resemble that of a PEMFC. To truly understand the degradation mechanism of the PtM/C NPs in the cathode of a membrane electrode assembly (MEA) subject to long-term PEMFC operation, it is essential to characterize the PEMFC-cycled electrodes under in situ conditions to monitor the real-time structure evolution of the PtM/C NPs. X-ray absorption spectroscopy (XAS) empowered by synchrotronbased X-ray with high flux has unique advantages in characterizing the electrocatalysts buried in the sandwich configuration of a MEA in the complex environments of a PEMFC. In addition, XAS is extremely suitable for understanding the structural and mechanistic basis of the ORR activity and durability of PtM/C electrocatalysts since it allows for quantitative evaluation of the strain, ligand, particle size, and site-blocking effects on their catalytic performance. 5, 6, [9] [10] [11] Therefore, substantial efforts have been devoted to actualizing in situ/operando XAS characterization of PtM/C NPs cycled in PEMFCs to obtain the structure-activity-durability correlations. 12, 13 An operando XAS fuel cell was built wherein the MEA was composed of a cathode electrode of PtNi/C NPs subject to XAS characterization, and an anode electrode of Pd/C NPs (the Pt/C NPs cannot be used due to the convolution of the Pt signals from the Pt/C and the PtNi/C). However, Ni oxides were detected even at the very early stage of the operation, which indicated the dissolution of the Ni from the electrode and migrate into the membrane. 12 Similarly, Cobalt oxides were observed using the same operando cell with PtCo/C as the cathode electrocatalyst.
14 While the operando XAS measurement clearly showed the dissolution of M, it provided little information of the morphology of the PtM/C NPs since the XAS spectra is an average of signal from the electrodes, the membrane, and the ionomer owing to its bulk average nature. Since the dissolution of Pt and especially M from the electrode and the subsequent migration into the membrane during long-term PEMFC operation are inevitable, operando XAS characterizations on the PEMFC-cycled PtM/C electrocatalysts are technically challenging. In addition, the configuration of non-Pt anode does not ideally resemble that of the MEA normally associated with Pt anode in a practical PEMFC.
In this work, we overcame the practical difficulty of XAS by developing a new method to actualize in situ XAS characterizations on the PEMFC-cycled PtM/C electrocatalysts. The morphology evolution of the PtNi/C NPs during long-term PEMFC operation acquired by this method correlated well with the ORR performance obtained
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Experimental
Catalyst and MEA preparation.-The PtCo/C 5 and dealloyed PtNi/C 15 catalysts were synthesized via a typical route as fully described elsewhere. The MEAs with the PtCo/C as the cathode electrocatalyst were fabricated by a typical catalyst-coated membrane (CCM) method, wherein the catalyst layers were coated on the surface of polymer electrolyte membrane so it was sandwiched between two electrodes. The Pt loading of the cathode PtCo electrode and anode Pt/C was 0.2 mg Pt cm −2 and 0.05 mg Pt · cm −2 , respectively, and the I/C ratio was 0.6. The 50 cm 2 cathode-and anode-catalyst-coated decals were then hot pressed onto a 25 μm Nafion-111 membrane (NRE211, 1100 EW, DuPont) at 140
• C. The MEAs with the PtNi/C 15 as the cathode electrocatalyst were fabricated by a catalyst-coated diffusion media (CCDM) method, 16 wherein the electrocatalysts were coated onto the microporous layer rather than the membrane like the CCM method. An ionomer layer was then sprayed on the catalyst layer. Afterwards, the CCDM anode was hot-pressed into the membrane; whereas the cathode CCDM was NOT hot-pressed, but physically laid upon the surface of the membrane so the only pressing they underwent was from the torqueing down of the cell hardware. This strategy ensured that the majority of the cathode electrocatalyst remained on the gas diffusion layer (GDL) after detachment from the membrane subjected to post-MEA testing. Electrode preparation and XAS data collection.-Upon the completion of MEA testing, the cathode CCM with or without the membrane, the membrane alone, or the cathode CCDM were detached from the membrane and then mounted into a previously described spectroelectrochemical half-cell 19 for in situ XAS measurements. Multiple layers were necessary for the Co/Ni geometric loading to reach a ∼0.05 edge height at the Co/Ni K edge. All data were collected in the fluorescence mode at the beamline X3B National Synchrotron Light Source (NSLS), and the beamline 8-ID at the NSLS-II, Brookhaven National Laboratory. The 0.1M HClO 4 electrolyte was constantly purged with either nitrogen or oxygen gases while being continuously pumped through the cell. The voltage cycling limits were 0.05 to 1.1 V vs. RHE. In situ XAS Data collection was conducted as a function of applied potentials during the anodic sweep to avoid the hysteresis effect; 20 At each potential the data was collected after the electrode surface reaching the steady state. To refresh the surfaces after each potential hold (i.e. clear off the catalytic surfaces of any accumulated oxygen species), the electrode was fully cycled after each potential hold until the voltammograms were stabilized.
XAS data analysis.-The data were processed and fitted using the IFEFFIT-based Athena 21 and Artemis 22 programs. Scans were calibrated, aligned and normalized with background removed using the IFEFFIT suite 23 (version 1.2.9, IFEFFIT Copyright 2005, Matthew Newville, University of Chicago, http://cars9.uchicago.edu/ifeffit/). The χ(R) were modeled using single scattering paths calculated by FEFF6.
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Results and Discussion
XAS characterizations on the single-sided CCM.-In order to unambiguously show that the XAS signals obtained even by the fluorescence mode is a bulk average of the signals from the electrode and the membrane, ex situ measurements were performed on the singlesided CCM MEAs at different cycling stage (0k -30k voltage cycles between 0.6 -1.0 V vs. RHE in PEMFCs). The single-sided CCM MEA subject to XAS measurements was formed by detaching the anode Pt/C electrode from the MEA, i.e. the membrane together with the cathode PtCo/C electrode. Afterwards, the membrane and cathode PtCo/C electrode were detached and subjected to XAS measurements separately. In addition, CoO and the fresh electrode composed of the same PtCo/C electrocatalyst used in the MEAs were measured as baseline materials for comparison. Figure 1a presents the ex situ Co K-edge X-ray absorption near edge structure (XANES) spectra of the single-sided CCM MEAs at various cycling stages. The white line intensity of the XANES of the MEA increases with potential cycling (e.g. BOL < MOL < EOL), and that of the MEA at the EOL stage closely approaches that of the CoO. These data clearly show the increasing amount of Cobalt oxide (CoO x ) in the single-sided MEA with potential cycling. This trend is further supported by the Fourier transform of the extended X-ray absorption fine structure (FT-EXAFS) spectra (Figure 1b) . The intensity of the FT-EXAFS peak around 1.5 Å (without phase correction) that arises from the Co-O scattering increases with potential cycling, which is accompanied by the decrease of the intensity of the FT-EXAFS peak around 2 Å. The fitting (blue dashed line) of the FT-EXAFS spectrum of the fresh PtCo/C electrode collected at 0.54 V in Ar-purged 0.1 M HClO 4 in a half-cell confirms that this peak is co-contributed by the Co-Co and Co-Pt scatterings as expected from the CoPt alloying phase. Therefore, the Co K-edge XANES, FT-EXAFS spectra, and a combination thereof verify that the relative content of the CoO x increases with potential cycling; meanwhile the relative content of the CoPt alloying phase decreases. These trends indicate the gradual dealloying process of the PtCo/C electrocatalyst during long-term PEMFC operation, and the dealloyed Co presents in the form of oxide when exposed to air.
This gradual dealloying process of the PtCo/C electrocatalyst with the potential cycling in a PEMFC is also observed from the Pt perspective. The EXAFS fitting of the Pt L 3 edge spectra of the same single-sided MEA show that the number of the first shell Co neighbors decreases with potential cycling (Table I) , which is manifested by the decreasing intensity of the Pt-Co scattering peak with potential cycling (Figure 2 ). At the EOL stage, the spectrum is dominated by the Pt-Pt scattering and the contribution from the Pt-Co scattering is minimal. This result is in line with the observation that the Co K-edge spectrum at the EOL stage is dominated by the signals of CoO x , and a combination thereof suggests the nearly complete dealloying of the PtCo/C electrocatalyst at the EOL stage. Thus, the dealloying process with potential cycling is unambiguously confirmed from both Pt and Co perspectives. This phenomenon has been previously reported by Chen et al. 25 on the basis of microscopic characterizations on the PtCo/C electrocatalyst operated in MEAs, and even on Pt/C electrocatalysts without the second transition metal. 26 Large crystalline Pt and Co 2+ species were found in the ionomer phase in both the membrane and the electrode, as a consequence of the PtCo/C dealloying followed by dissolution. Therefore, the XAS data collected on the single-sided MEA (Figures 1 and 2 ) at both Pt and Co edges are bulk averaged throughout the membrane, ionomer, and electrode. While the bulk average XAS data firmly verify the dealloying process, they cannot be directly related to the morphology of the electrocatalyst in the electrode. It is noted that the CoO x is observed even at the BOL stage (200 cycles) (Figure 1 ), which indicates that the dissolution of Co occurs at the very early stage of potential cycling. The lack of the long range order of the CoO x , which is evidenced by the absence of the Co-Co scattering around 2.5 Å and any peaks further featured by CoO, indicates that the CoOx in the membrane and/or ionomer is highly amorphous. In addition to Co, significant amount of Pt is also dissolved upon long-term PEMFC operation and migrates into the membrane forming large single crystalline Pt, 25, 26 and its XAS signal cannot be separated from the XAS signals from the cathode electrode. The dissolved species in the membrane and the ionomer are electrically disconnected and thus electrochemically inactive. 25 Therefore, operando XAS characterization on MEAs is seriously limited by this issue throughout the whole potential cycling stage with the aim of providing the structural and electronic properties of the electrocatalyst under working conditions.
In order to exclusively probe the structure of the PtCo/C electrocatalyst in the electrode, the electrode was detached from the membrane and then transferred into the half-cell for in situ XAS measurements. The major advantage of this strategy is that the electrode was cycled in a practical PEMFC rather than in a half-cell, and thus provides more relevant spectroscopic data to the degradation in PEMFCs. 9 However, no XAS signals were detected at both the Pt and Co edges. On the other hand, the XAS spectra of the membrane are close to those of the single-sided MEA (Figure 3) . These results show that the vast majority of the PtCo/C powders were remained on the membrane rather than on the electrode upon the detachment. This can be related to the CCM fabrication method wherein the electrocatalyst was coated on the surface of the membrane, and eventually became a physically intimate part of the membrane upon the subsequent hot press. Therefore, the dissolved species in the membrane and the electrocatalyst in the electrode cannot be separated for the MEA fabricated via the CCM method.
XAS characterizations on the CCDM cathode electrocatalyst.-The aforementioned difficulty was overcome by the collaborating efforts between us and General Motors by adopting the CCDM method for MEA fabrication (detailed information provided in the Experimental Section). In brief, the electrocatalyst was coated on the microporous layer rather than the membrane, and then the cathode was physically laid on the surface of the membrane without hot-pressing. As a consequence, the majority of the electrocatalyst powders were remained on the GDL upon the detachment from the membrane, and multiple layers of GDL were transferred to the half-cell for in situ XAS measurements. As shown below, the feasibility of this strategy is demonstrated by measuring the dealloyed PtNi/C electrocalysts that exhibited the record ORR activity and durability in PEMFCs. 15 The XAS spectra were acquired at both the Ni K-edge and Pt L 3 -edge for the dealloyed PtNi/C electrodes detached from the CCDM-fabricated MEAs subjected to BOL, MOL, and EOL cycling stages (Figure 4) . The decent quality of the data is manifested by the signals in the energy space (Figures 4a and 4c ) and K space (Figures 4b and 4d ). These data confirm that sufficient powders were retained on the GDL rather than on the membrane upon detachment from the MEA, opposite to the case of the CCM-fabricated MEAs. This constitutes a prerequisite for in situ XAS characterizations on PEMFC-cycled electrolcatalysts.
The major merit of this method lies in the separation of the electrocatalyst retained on the electrode from the dissolved species in the membrane during long-term PEMFC operation. The drastic increase of the Pt/Ni atomic ratio from 2.2 at the BOL stage to 7.6 at the EOL stage (determined by the electron probe microanalysis (EPMA)) indicates that significant amount of Ni was dissolved during longterm PEMFC operation. Despite so, the white line intensity of the Ni XANES does not increase with potential cycling (Figure 4a ). This suggests that no Ni oxides are remained in the detached GDL and the ionomer throughout the whole potential cycling stage; otherwise the white line intensity would increase with cycling as observed on the single-sided MEA (Figure 1a) . The absence of Ni oxides is not surprising since the majority of the Ni oxides were located in the membrane; Ni oxides retained on the GDL and the ionomer, if there is any, will quickly dissolve in the acidic electrolyte of 0.1 M HClO 4 . The absence of Ni oxides in the electrode is further confirmed by performing the EXAFS fitting of the spectra of the PtNi/C at the Ni and Pt edges simultaneously. Fitting results are listed in Table II . As shown in Figure 5 , no FT-peaks arisen from the Ni-O scattering around 1.5 Å were presented in the FT-EXAFS spectra at all three cycling stages, and the spectra can be well fitted with two Ni-Ni and Ni-Pt scattering vectors (the right side of Figure 5 and Table II ). In addition, the absence of the Pt-O scattering at 0.54 V revealed by the fitting indicates that the amount of the Pt trapped in the ionomer, which is in the form of oxides, 25 is insignificant compared to the Pt in the GDL. In addition to verifying the absence of the Ni oxides in the electrode, the EXAFS fitting confirms that the XAS signals arise exclusively from the PtNi/C electrocatalyst cycled in a PEMFC. Direct evidence for that is the linear correlation between the bulk average first shell Pt-Pt bond length (R PtPt ) determined by the EXAFS fittings and the Ni content given by EPMA, as per Vegard's law ( Figure 6 ). Meanwhile, the R NiNi of the PtNi/C electrocatalyst throughout the whole potential cycles remains nearly unchanged, and perfectly matches the R NiNi (2.572 Å) derived from Vegard's law based on the Ni relative content in the PtNi 3 precursor (75%) (Figure 6 ). The combination of the trends of R PtPt and R NiNi with potential cycling depicts that the core of the PtNi/C carries the PtNi 3 phase from the PtNi 3 precursor and remains intact during long-term PEMFC operation, whereas the 1, 2, 3 weighting at Pt L 3 and Ni k edges simultaneously. For Pt, 1.1< R < 3.4 Å and k = 2.95 − 12.14 Å −1 were used; for Ni, 1.2 < R < 3.0 Å and k = 1.87 -11.93 Å −1 were used. The E values of the Ni K and Pt L 3 edges are −4.3 ± 0.5 and 6.1 ± 0.6 eV, respectively. Values given in parentheses represent statistical errors of the least-squares fits determined by ARTEMIS. The Pt-Ni and Ni-Pt bond distances were set to be identical during the fitting.
outer shells relax as a result of the Ni dissolution from the outer shell ( Figure 6 ). The selective dealloying and dissolution of the Ni from outer shells is also reflected by the combined results that the coordination numbers of the Pt-Ni and Ni-Pt reduce with potential cycling whereas that of Ni-Ni remains largely constant (Table II) . The increase of the R PtPt caused by the dissolution of Ni during long-term PEMFC operation directly verifies the gradual attenuation of the compressivestrain, which has been widely acknowledged as the main factor of the performance degradation of the PtM/C electrocatalyst during longterm PEMFC operation. 25, 27, 28 These experimental data therefore justify the feasibility of our method of the in situ XAS characterization on the PEMFC-cycled Pt-electrodes. 
Conclusions
In this work, we demonstrated that operando XAS characterizations on the PEMFC-cycled PtM/C electrocatalysts is technically challenging due mainly to the convolution of the XAS signals from the PtM/C retained in the electrode and the dissolved Pt and M species in the membrane upon long-term PEMFC operation. We overcome this difficulty by developing the CCDM method for the MEA fabrication. This method enables a clean separation of the PtNi/C electrocatalyst retained in the electrode from the dissolved species in the membrane, and thus allows for in situ XAS characterization on the electrode cycled in PEMFCs. The difficulty revealed here is not captive to XAS, but rather a common issue for spectroscopic techniques with bulk-average nature. The method developed here can be readily extended to these techniques to characterize materials tested in fuel cells and batteries under working conditions. While this method is a step forward in terms of in situ XAS characterizations, operando XAS characterizations of the electrode in practical devices is still the ultimate goal. This may be feasible in the future if the dissolved species can be removed from the membrane in a fuel cell without disassembling the MEA and XAS spectra can be collected by quick-XAS before the membrane being contaminated by the dissolved species upon reoperation of a fuel cell.
